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I. INTRODUCTION

This second Quarterly Progress Report described the technical progress
achieved from 1 September 1968 through 30 November 1968 under NASA Contract
No. NASw~1726. Scientific investigations accomplished during the reporting
period resulted in the generation of the following papers submitted and/or
published in accredited scientific journals, or presented at scientific meetings.

~ Technical Papers Submitted and/or Accepted for Publication

3. Submitted:
Formation of NZ in Nitrogen (P. Warmeck) J. Geo. Res.

Dipele Properties of Molecular Hydrogen J. Chem. Phys.
(G. A. Victor and A, Dalgarno)

Higher Ionization Potentials of Nitric Oxide "Phys. Letters
(J. A. R. Samson)

b. Published:

Primary Processes in the Photolysis of SO

J. Chem. Phys.,
at 18498 (P. Warneck, et al)

2 72, 3736 (1968)

Technical Papers Presented at Scientific or Professional Meetings

Higher Tonization Potentials of Molecules Determined by Photoelectron
Spectroscopy (J. A. R. Samson) =~ 2lst Annual Gaseous Electronics Conference,
University of Boulder, Boulder, Colorado, 16-18 October 1968.

In Section II, technical summaries are presented on the work performed
during the current reporting period. Section III contains brief summaries of
technical papers presented at scientific and/or professional meetings as well
as other miscellaneous topics of interest in the performance of the current
contract committments. Finally, in compliance with the requirements of the
contract, an integrated tabulation by labor category and grade of total hours

expended in the execution of the contract, for the specified reporting time

interval, is included in Section IV.



II. SUMMARY OF TECHNICAL WORK PERFORMED FOR THE PERIOD 1 SEPTEMBER 1968
THROUGH 30 NOVEMBER 1968

The technical progress accomplished during the current reporting period
can be conveniently described in terms of the two major categories contained
in the statement of work: (A) laboratory studies, and (B) theoretical studies.

A, LABORATORY STUDIES

In accordance with the subject work statement, it is required to
perform the following laboratory investigations on selected planetary atmos=
pheric gases: (1) measure drift velocities and ionic mobilities, (2) acquire
quantitative VUV photon scattering cross section data with emphasis on the
spectral regions displaying discrete and/or continuous ionization and/or
absorption features, (3) measure the kinetic energies of photoelectrons gen-
erated by EUV photoionization, (4) measure the absorption and photoiémization
cross sections for A < SOOX, (5) acquire VUV (X 10508 - 20008) high resolu-
tion absorption cross section data with emphasis on the minor constituents of
planetary atmospheres, (6) measure rates of ion-neutral reactions, and (7)
measure the yield and kinetic energy of photoionization fragment ions.

During the current quarterly reporting period, the bulk of the lab~
oratory effort has been directed toward accomplishing task items'(l), 2), 3)
and (4) above. Brief descriptions of the progress achieved is given below in
the order indicated.

1. Drift Velocity Measurements for Atmospheric Tons

. . R . - + .
In the course of investigating drift velocities of N2 ions

formed by photoionization of nitrogen, it was found that when the ionizing

wavelength was 7908, the observed drift velocities were in excellent agreement



with data obtained by other experimenters using techniques different from ours;
however, when the spectral setting of the monochromator was 7648, the drift
velocities observed were by about a factor of two greater. Simultaneously,
the ion density profile observed on the screen of the oscilloscope was no
longer symmetric, but became skewed, indicating the presence of two groups of
ions with different velocities. At the wavelength setting of 7908 (close to
the threshold of N; formation) only ground state N; ions can be generated.

At 7648 excitation to the first vibrational level is also possible. This
channel would be significant if an appreciable fraction of the ions were formed
by autoionization. The observation that two groups of ions are involved at
7648 makes evident that autoionization is significant and that N; (v = 1) ions
are endowed with a higher mobility than N; (v = 0) ioms.

The formation of NZ occurs at both wavelengths. The rate
coefficient for this reaction had been measured previously with the photoioniza-
tion technique at 7648, Third body kinetics were observed. This observation
has been criticized as being inconsistent with a number of other data in the
literature. In view of the participation of N; (v = 1) ions at 7648 it was
considered necessary to re~investigate the process of NZ formation at 7902,
where only ground state N; ions are initially present. The details of the
results and their implications are given in.tBélpreaant séc@idn in the form of
a paper submitted for publicatién in the Journal of Geophysical Research.

€9)

In a recent comment concerning a discussion

(2)

of atmosphere
ion-neutral reaction rates, Varney objected to listing the formation of

+ . s
N4 via the association

+ +
N, + N, > N, (1)



as a three body reaction, and he cited experimental results which indicated

that it proceeds as a two body process. Specifically, the after glow data

;(11)the mass spectrometer results of Saporoschenko;(3) and a

(4,

of Fite,et al

. . . 6 e s . .o es
variety of drift experiments 5,6) have indicated a direct two-body association

whereas the more recent photoionization mass spectrometer experiments by

(2)

Warneck and the low pressure electron impact mass spectrometer observations

by Asundi, Schulz and Chantry(7) displayed third order kinetics. Since the

discrepancy is serious, we have performed a new set of experiments with the

(8)

photoionization technique, following the suggestions by Varney that the

parameter E/p, the ratio of the electric field strength to the pressure, be

kept constant in the ion source so that the energy of the reacting ions remains

unchanged. The new results and their implications are the topic of this note.
Initially, the former results with constant E and varying p

were verified, using for the production of N;

(

described previously.z) Since this permits the production of vibrationally

radiation centered at 7642, as

excited nitrogen ions, the new experiments were performed at 7902, near the
threshold of nitrogen ionization, where the formation of excited nitrogen
ions is precluded. At 7908 the measured drift velocities of N+ agreed well

2
(6,9) whereas the drift velocities at

with those reported in the literature,
7648 were by a factor of two higher, presumably due to the presence of a con~
siderable portion of vibrationally excited nitrogen ions formed by autoioniza-
tion. Rate coefficients for NZ formation were determined at 7908 in a series

of experiments for which E/p was held constant for various field strengths and

pressures; and in another series of experiments for which the pressure was



varied while the field strength was held constant but differed for each set of
values. All observations showed a pressure dependence of the derived bimol-
ecular rate constant similar to that found previously,(z) thereby demonstrating
third order kinetics. Moreover, the third order rate coefficients derived from
all these experiments agree within the experimental error, the value being

k = (4.4 + 0.6) x 1072

cc2/m.olecu1e2 sec. Accordingly, the variation with
pressure is due to the influence of the third body and not due to a variation
with E/p in the region of relative field strengths covered (8 < E/p < 33 volt/
cm/Torr). The new results, therefore, corroborate our previous conclusion that
for the conditions employed in the photoionization mass spectrometer an equili-
brium between N; and NZ is not established.

The ionizing energies employed here in photoionizing nitrogen

L3
are in a region where corresponding electron impact experiments have demon-

+ . . . .
strated N4 formation from neutral excited nitrogen via the process:

&
e+N,> N, +e (2)
* +
N, +N, > N, +e €))

occurring in addition to NZ formation from N;.(7’10)

In view of the knowledge that in the wavelength region 6858 -
8508 the absorption spectrum of nitrogen is at least partially discrete, and
that photoionization efficiencies are less than unity, the formation of excited
nitrogen molecules is certain to occur also in the present experiments. Al-
though the excited states reached by UV radiation and by electron impact are
not necessarily the same, it is clear that allowance must be made for the

possibility of reaction (3) participating in the photoionization mass spectro-

meter experiments. However, no experimental evidence has been found for any



occurrence of the process. Specifically, no N+ formation was detected at

4
energies below, (i.e. at wavelengths above) the onset of N; formation -~ in
contrast to the electron impact results, and approximately the same rate of
NZ formation as at 7908 was observed when the wavelength was set to 6858,
where the ionization efficiency is nearly unity. Thus, while reaction (3)
cannot be entirely precluded, it does not appear to occur to a significant
extent in the present experiments. It is concluded that the observed forma-
tion of NZ is due predominantly to reaction (1) in its termolecular mode, in
agreement with our earlier conclusion.(z)
There remains to explain the discrepancy arising from the various
data in the respect to third or second order kinetics of NZ formation. Evident-
ly, this problem is comnected with the observation that at high E/p values NZ
ions gain sufficient energy in the field to dissociate upon collision. Mass
spectrometrically identified ion transients in drift tubes are nearly identical

for Ni and NZ'When E/p is high, demonstrating that a rapid equilibrium between

the two species is achieved.(6’9)

In low fields, however, the two ion trans-
ients are well separated even though a significant N; - NZ conversion occurs.
In this region, therefore, a rapid interchange is not operative. The low
field region is well suited to studies of reaction (1) and in this region,
the formation of NZ is third body dependent. On the other hand, in the high
field region, reaction (1) is in equilibrium with the dissociation of NZ; so

that in this case the abundance of N*'will depend only linearly on the nitrogen

4

pressure. It appears that in those cases where bimolecular NZ'formation was

deduced(3’6’11) the high field conditions favored equilibration of N; and NZ;
(7)

The mass spectrometér results of Asundi, Schulz and Chantry provide direct



evidence for such an interpretation.

2. Laboratory Measurements of VUV Photon Scattering Cross Sections
for Selected Atmospheric Gases

For the discussion of laboratory measurements on the molecular
scattering of VUV radiation by specific gases, it is convenient to express the
phenomenon in the form of the following equation:

L @D 6
9 A 6 - 7pn)

/ 2 2 N
(1 + cos™ 6 + Py sin” 6 dw) (&)

In this equation, the term ¢9 dw represents the number of photons scattered
per second into the solid angle, dw, observed at an angle, 6, to an incident
unpolarized photon beam of intensity,® In addition, N is the molecular number
density, V represents the scattering volume, and ) the photon wavelength. The
(n2-1) term represents the refractive index of the gas, and P, is the polariza-
tion factor of scattered light in excitation by unpolarized light. For the

specific cases of 0 = 90° and 0 = 54044', Equation (4) assumes the following

forms:
2 2116 + 6p
o o dw=o |EUED [ do (5)
20 [ 2% w 6 -7 ’
; NV GS ’
3 ¢54o dw = @ _—ZE——J dw . .(6)

Thus, for the case of purely symmetric molecules (i.e., GH4, CCﬂA, ete.) and

atoms (i.e., A, He, Kr, etc.) P = 0 so that

o -
540 _ 4
¢90° 3

In a detailed discussion given previously, (see Quarterly

7

Progress Report #11 under NASA Contract No. NASW-1283, November, 1967) it was

7



demonstrated that the simple relationship shown in Equation (7) is convenient

to employ as a calibration feature in the laboratory measurement of the P~
values. Furthermore, these relationships can be employed as a convenient
representation for comparing experimental measurements wi;h available theoretical
Us-values without prior knowledge of the individual Py term.

For the cases wherein P # 0, the following expressions obtain:

¢54o ) 4 + 2p _x ®
¢90° 3+ 3
and o
_ 3R -4
,; pn - 2 - 3R (9)

On this basis, then, itlwould be appfﬁpriate to design a scattering chamber
wherein the 954/¢90 - ratio could be measured in order to minimize any system-
atic error involved. At this point it is important to emphasize that this
relationship holds only for the case where the incident radiation is completely
unpolarized. However, owing to the fact that in the present experimental
configuration a grating is involved, it turns out that the incident radiation
is indeed polarized. Furthermore, the measurement of the degree and sense of
polarization is difficult to ascertain experimentally in this VUV region. Thus,
it would appear that this would constitute a significant barrier for acquiring
laboratory oy and/or pn-values. However, it will be demonstrated that on the
basis of additional analysis described below this difficulty can be eliminated
by employing a unique experimental configuration for the scattering chamber.
Specifically, it will be demonstrated that to obtain Us—values without a prior
knowledge of the pn-value, scattered radiation should be observed in the unique
position of 54°441 with respect to a coordinate axis oriented such that the
incident radiant energy is along the y-axis and at the same time the x or z-axis

is parallel to the major or minor direction of polarization. Also, a second



observation performed at another angle yields the pn-value itself.
For the present purpose it is convenient to express the total
scattering cross section for radiant energy Io incident on a volume element

V or partical density N as follows:

o, = 2 (10)

where I is the total radiant energy scattered. Experimentally, ‘detectors can
intercept only a small fraction of the total scattered radiant energy. Thus
it is necessary to know the dependence of the scattered radiation on the angle
of observation, on the anisotropy of the molecules, and on the degree of polar-
ization of the incident radiant energy. In the following discussion the general
expression for the angular distribution of the scattered radiant energy is
developed. It will be shown that the average intensity E; scattered per unit
solid angle can be observed at a specific angle and is independent of the
degree of polarization of the incident radiant energy. Thus Oy = b i;/IONV.
Further, it is shown that the normal depolarization factor p, can be determined
from the ratio of two measurements at specific angles such that it is unnec=~
essary to know the degree of polarization of the incident radiant energy. This
is important since most monochromators produce partially polarized radiant
energy which varies with the wavelength and polarizers are not readily avail-
able in the vacuum UV without producing a series loss in intensity.(12-14)

If the incident radiant energy induces an electric moment p in
a molecule then the radiant energy scattered per unit solid angle IS in the
direction 0 with respect to the electric moment vector is given by

3,

= 21 ¢ p2 sin29 (1)




where )\ is the wavelength of the incident radiant energy and c¢ is the velocity
of light. The induced electric moment is usually written as p = QE, where O
is called the polarizability of the molecule and E is the magnitude of the
electric vector. With the units used here the radiant energy is equal to
(c/Sﬁ)Ez. In general, the polarizability of a molecule depends on the direction
of the incident beam in relation to the axis of symmetry of the molecule. If
the electric vector of an incident plane polarized beam is parallel to one of
these axes the induced moment along the axis vibrates parallel to the incident
vector. If wviewed at right angles to the incident beam and the electric vector
the scattered radiant energy will also be plane polarized. However, if the
electric vector is not parallel to any of the principal axes it will induce
moments along each of the axes and the scattered radiant energy has been
depolarized by the anisotropic molecules. Since the molecules will be oriented
at random it is necessary to compute the average value of p2 in order to de-
termine the intensity of the radiant energy scattered.

Consider an incident beam of partially polarized radiant energy
to be traveling along the y-axis of a cartesian coordinate system x, y, z
with the principal direction of polarization in the z-direction and with the
other planes of polarization distributed symmetrically about the z-axis. This
is equivalent to two beams polarized in the x and z~directions with electric
vectors EX and EZ. Let the components of p along these axes be P> Py’ and
P, The values of pi, pﬁ, and pi, are proportional to the intensity of that
part of the scattered beam in which the vibrations are restricted to the x,

v, and z directions, respectively. The average values of the components have

10



been calculated (see for example Bhagavantam(ls)) and are given as follows
in terms of the polarizabilities A, B, and C along the axes of symmetry of

the molecule.

-2 _2[3,2,.2, 2 . 2 2[_;2 2, 2 ;

=& [15(A + 3% + %) + 75(AB + BC +AC)] +E ° |50 +3% +c -AB-Bc-Aq)]
(12)

-2 2 2.0 1,2, .2 2 ‘

p,’ - @, +EZ)[15(A +82 +c -AB-—BC-AC)] (13)

\ 213 ,,2,.2,.2y , 2 20 1,2,.2, 2
S [ 2 (st + 15(AB+BC—IAC)] +E [lS(A +B24C -AB-Bc-Ac)] (14)

Defining the mean polarizability as o = % (A + B +C), the anisotropy of

the molecule as 72 = Az + Bz + C2 - AB - BC - AC, g=E_/E , and E 2. E2+E2
x' "z’ o x vy’
we obtain
3.2-38%q2 - Ef P (15)
x o "o | (1+g) (6’7Pn)
[ p
- 2 2 2 n
= 3 E o —————rae 16
Py o % L(6-7pn>] ¢10)
.2-38%q? R s (17)
z o o (14g) (6“7pn)

where pn = 67?/45052 -+ 772). This value is called the normal depolarization
factor and is zero when 72 = 0, that is, when the molecule is perfectly
symmetfical. Physically, it is defined for incident unpolarized radiant

energy as the ratio of the intensity of the scattered radiant energy polarized
in the y-direction to that polarized in the z-direction when viewed along the
x-axis. Thus, it can be obtained from the ratio of Eq. (13) to Eq. (14) placing
E = Ez' The factor g is related to the degree of polarization P by the

x
relation P = (l-g)/(l+g) .

11



The intensity of the scattered radiant energy per unit solid angle

in the direction 6, 7, and ¥ (as shown in Fig. 1) is given by:

3
IS(G,n,\lr) = 2:1:4c (pxz sinze + py2 sinzn + pzz sinz\lb
A
3
e, -2, =2 ,=2 - 2 2 -2 2 -2 2
= f;zﬁ (px + py +p, ) - (pX cos“6 + Py cos™n + p, " cos V)

(18)
. s R 2 2 2
But the sumn of the direction cosines cos ™9 +cos n + cos™y = 1.

Substituting for coszn in Equation (18),

3

* _2nc -2 -2 -2 =2 2 -2 =2 2
I,(0,n,9) = v (y +p,) + (" -p,7) cos™0 +(p," - p,) cosV
(19)
That is, IS is of the form
2 2
Is 6,M,¥) =a +bcos®@ +ccosYy , (20)

where from Egs. (15), (16), and (17),

4
24 2 6
a= ) I, q 7o)
2 , 6 (1)
Sy o % TiF) (6-7p.)
21 4 2 6g (pn-l)
o W 67y

|

:

o
l
I
1~
(9]

12



ettt

hv 9 \ . y

g

'Figure 1. Radiant energy scattered in the direction 6, 7, and V.
The incident radiation is along the y-axis.
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where IO = Eg (c/8w) is the total incident radiant energy.

The average radiant energy IS scattered per unit solid angle

can be obtained from Eq. (20) as follows:

21

d/“ (a+b c0329 +~g,coszw) dw
1
s

21
dw

o]

where the incremental solid angle dw = sin §. dy » d¢ and ¢ is the angular

direction of the scattered radiant energy in the x -y plane. From Fig. 1 it

can be seen that cos 6 =sin ¥ * cos ¢. Substituting the values for dw and

cos O into the integral above and integrating, we obtain:

'I's = a +b/3 +c/3.

(21)
4 2 4+p
{ T = 25" ) (22)
That is Is = 32 IO (k) c% 6 =70

14



Equating Egs. (20) and (21) it is seen that E; is obtained when cosze =

coszw = 1/3. That is when

0= =1 = 544", (23)
From Eq. (22) aoz is proportional to the scattered intensity and hence to the
scattering cross section. Since oy = 4 i;/(IONV), we have,
' 5 2
128 # o 2z + P )

o = (24)
s 2w |6 - 7o)

Thus the general expression for the angular distribution of the scattered

2, .
radiant energy in terms of Og rather than a, 1is given by,

W1 (Pn - 1) 2 Pr -1 2
IS(Q, n, ¥ ) IOGS L (3 pn> [ 1+ EES) cos 6 + g S?T—;_g% cos W]
(25)

It should be noted than when & =1 = ¢ = 54044' the scattered
intensity IS is equal to the average intensity of the scattered radiant energy
and is independent of pn and g. However, if Is is observed at angles such that
8 = V¥ then Is is independent of g.

In measuring the Rayleigh scattering cross section of a molecule
the scattered radiation should be observed in the direction 54°44' with respect
to a coordinate axis oriented such that the incident radiant energy is along

the y-axis and at the same time the x or z=-axis is parallel to the major or

15



minor direction of polarization. This is the direction in which the intensity
scattered per solid angle is equal- the average intensity scattered. The
intensgity is also independent of the degree of polarization of the incident
radiation and depends simply on the total scattering cross section g without
requiring specific knowledge of the normal depolarization factor pn as is
required when any other angle of observation is used. To obtain the value of
pn a second observation must be made at any other angle except 56%4. If a
measurement is made with the additional constraint 6 = | the scattered signal
is independent of the degree of polarization of the incident radiant energy.

From the ratio of the two measurements p, can be found. For example,

I, (54%44") 2(2 + )
I, 0=1¥=245° ~ 30 +p)

(26)

This is of course true for each of the eight quandrants of the sphere centered
on the scattering volume element. If the volume elements observed at the

two different angles are not equal their ratio can be determined by repeating

theexperiment with a spherically symmetrical atom, such as argon, where pn=0.

On the basis of this analysis an appropriate scatter chamber is currently

being designed and fabricated.

16



3. VUV Electron Spectroscopy of Atmospheric Gases

Diring the current quarter the photoelectron spectra of NO,
CO and CO, have been obtained at wavelengths of 469.8% (26.39eV) and 416.28

2
(29.79eV). The techniques employed have been described previously£16)

so that
no detailed description is given herein.

For GO and 002 no new ionization potentials were observed at
least up to the limiting photon energy (29.79eV). However, for the case of
NO a new higher ionization potential was observed at 21.57eV although no
evidence was found for the (=-series at 14.23eV as reported by Tanaka(17)(an
ionization potential was found at 15.52eV).

These new results are the subject matter of a letter entitled
"Higher Ionization Potentials of Nitric Oxide" (J. A. R. Samson) which has
been submitted for publication in the Physics Letters. The material contained
in this letter is summarized below.

The measured retarding potential curve of nitric oxide is
shown in Figure 2. The ionizing radiation was an Ar IV line of wavelength
4628 (26.84eV) produced by a low pressure condensed spark discharge in a
capillary and dispersed by the GCA McPherson one~half meter Seya type mono=-
chromator. The band bass of the monochromater was 1R (equivalent to 58mV
at 4628).

The various steps in the curve correspond to ionization poten-
tials of NO. Considerable unresolved vibrational structure occurs between
15.7 and 19.5eV. The energy scale was calibrated using the first ionization
potential of NO as 9.266eV as determined spectroscopically by Dressler and

(18)

Miescher, and also by mixing some helium to the nitric oxide gas. The

17
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helium gave a step at 24.58eV corresponding to its ionization potential.
States corresponding to the Tanaka f and y-series limits are observed at the
appropriate energies. No state is observed at the (~series limit (14.15eV).(17)
However, a level is observed at 15.67eV. This level has also been seen by

. . f 13 (19-21)
others using photoelectron spectroscopy with the 584A line (21.22eV).
It has been suggested that the transition probability for ionizing a state at
the O»series limit could be exceedingly small at 5848 and hence not observed.(zz)
However, in the present work a search for a step in the retarding potential
curve at the Q~series limit was made at a variety of wavelengths shorter than
8348 (14.87eV), but none was found. It would appear, therefore, that the
interpretation of the Q~series as Rydberg terms leading to an excited state

+ ..

NO  is incorrect.

From the data in Figure 2, it is evident that a new, previously
unreported ionization potential is observed at 21.72eV and a weaker one at
23.1eV. No other excited states were observed up to the limit of the present
observations, namely, 30eV. An ionization potential at approximately 22eV
. (21)
has recently been observed by Price.

4. Absorption and Photoionization Cross Sectioms for 2\ < 5008

To perform studies of the interaction of radiation with a
planetary gas at wavelengths below 5008 (task item 4) it is necessary to use
a grazing incidence vacuum monochromator with a suitable light source. During
the current quarter the first spectra were obtained é6n the VUV grazing incidence
monochromator designed and constructed under the present program. Details of
its operational parameters and a reproduction of the spectrum of atomic nitrogen

is given in this report.

19



The construction of the monochromator was based on that described

by Vodar.(23)

The principle of operation is as follows (see Figure 3):

The light source is maintained at a fixed distance from the
grating and the radiation is incident at a fixed angle of incidence. To scan
the wavelength the grating moves along the linear track towards the exit slit
while the light source is constrained to follow the track joining the entrance
and exit slits. Because the source and grating distance is fixed, the grating
and light source must be free to rotate about their respective centers (that
is, the grating center and the entrance slit). The wavelength A is then given

by the distance / separating the grating and the exit slit according to the

following relation

1/2
I -

A=d [sin a - (1 - £2/R%)

The constructional parameters were as follows:

R = 2.2176 meters

H

1/d = 600 lines/mm

o= 84°
Blaze angle = 2° 14'
Blaze wavelength
at o = 84° = 1698
£ at OR = 9.126"

A photograph of the finished instrument is reproduced from a
previous report for convenience and completeness and is shown in Figure 4.

The problem of moving parts under vacuum was solved by the use of stainless

20
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Figure 3. Schematic diagram of the Vodar-type grazing incidence monochromator.
Wavelength identification is obtained from the relation:

A = [sina - (1-£2/R2)%].
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steel bellows which were capable of expanding and contracting over a total
distance of 17". The bellows can be seen in Figure 4. The sagging of the
bellows occurs when the instrument is at atmospheric pressure, but under vacuum
conditions the bellows becomesstraight and usable.

The instrument is capable of covering the wavelength range from
0 to 6008. At OR the dispersion of the instrument is ZOR/inch in terms of a
movement along £, whereas at 5848 the dispersion is 508/inch. With slit widths
of 40 microns a wavelength resolution of 0.48 has been obtained over the full
range of the instrument.

The wvarious light sources in use at GCA were studied for their
short wavelength capability. An immediate discovery was the fact that the im~
portant He I 3048 line was obtained with excellent intensity from our standard
DC glow discharge lamp. In fact, the absolute intensity at the exit slit was
measured and found to be 2.5 x 108 photons/sec for 40 micron wide slits.

The high voltage spark discharge light source was found to pro-
duce a dense line spectrum down to 1298. The particular lines produced depends

on the gas used in the source. Usually Nz, Ar, and O, are used. The discharge

2
is so energetic that it dissociates the molecules and produces a line spectrum
characteristic of the atoms only. Typically, lines of N IV and O VI are observed.
Figure 5 shows a section of the spark spectrum of the source when N2 is nsed.
The shortest useful line to be observed was an oxygen impurity line O VI at
209.8728. In the figure the amplitude of the photoﬁultiplier dark current is
shown. This background current is of course absent when the ion chamber is
used to measure cross-sections.

From the measured absolute intensities it is clear that this

instrument will be suitable for use with the photoelectron spectrometer for
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Figure 5. Spark spectrum of nitrogen between 125 and 150%.
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measuring higher ionization potentials. During the next quarter it is planned
to mount the photoelectron spectrometer onto the exit slit of the grazing

incidence monochromator.
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B. THEORETICAL STUDIES

In accordance with the subject work statement, it is required to per-
form the following theoretical studies: (1) calculate photon scattering cross
sections for AN < 25008, (2) suggest, evaluate and determine the feasibility
of performing definitive experiments related to planetary atmospheres, (3)
examine the quantitative effectsrof electron cooling in a planetary atmosphere,
(4) calculate cross sections associated with ion cooling involving the fine
structure bands of atomic oxygen as well as the rotational excitation of atmos-
pheric molecules, (5) evaluate the role of meteoric debris in planetary atmos-
pheres, and (6) perform calculations on the nature and intensity of VUV airglow
in planetary atmospheres owing to EUV~-produced photoelectrons.

The completion of task items 3 and 4 has been previously reported
(see Quarterly Progress Report #1) and the results are discussed in a paper
entitled "The Effect of Oxygen Cooling on Ionospheric Temperatures', (A.
Dalgarno, et al) which has been submitted for publication in Planetary and
Space Sciences.

During the current reporting period task item 1 has been completed;
the results, given below in subsection 1 also appear in the form of a paper
entitled "Dipole Properties of Molecular Hydrogen" (G. A. Victor and A. Dalgarno)
which has been submitted for publication in the Journal of Chemical Physics.
Finally, additional effort has been given toward completing task item 2 wherein
a Martian Lander experiment is defined and evaluated in terms of its scientific
potential; this is the subject matter of subsection 2 below.

1. VUV Photon Scattering Cross Sections for Hydrogen for A\ < 25008
(28

Approximate variational calculations of various dipole
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properties of molecular hydrogen have been carried out as a function of the
wavelength of the incident radiation. Because of inadequacies in the represen=-
tation of the unperturbed and perturbed molecular wavefunctions, the calculations
fail for wavelengths less than about 25008. Experimental data on the oscillator
strength distributions of molecular hydrogen, supplemented by refractive index
data and sum rules, can be used to construct a model of the complete dipole
spectrum which accurately reproduces dipole properties for wavelengths greater
than about 11508. The procedures have been applied successfully in earlier

work on the inert gases and molecular hydrogen(25) (26)

and molecular nitrogen,
though no distinction is there made between parallel and perpendicular trans=-
itions. Among the properties which may be investigated are the parallel and
perpendicular dynamic dipole polarizibilities, the molecular anisotropy, the
refractive index, the Verdet constant, the Rayleigh scattering cross section,
and the Rayleigh depolarization factor. The model spectrum can also be used
to calculate the tensor components of the van der Waals coefficient for a pair
of interacting hydrogen molecules and to calculate the average excitation
energy that controls the absorption of fast charged particles in hydrogen gas.

Dipole oscillator strengths have been determined from measure-

ments of energy loss of fast electrons at different scattering angles by
(289 29)

Lassettre and Jones,(z?) by Geiger, and by Geiger and Topschowsky.
The more recent measurements were taken with a resolution of about .007éV
and show vibrational structure in the Lyman and Werner band systems and in
higher terms. Dipole oscillator strengths have also been derived from measure-

30)

ments of radiative lifetimes. Refractive index data between 18553 and
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54628 gre available(31) and Bridge and Buckingham(32) have measured the

Rayleigh depolarization factor for scattering of laser light at 63288, The
experimental values of wavelengths for the hydrogen molecular spectrum are
listed by Dieke. (3%

The parallel dipole oscillator strength from a state @o with energy

Eo to a state @n with energy En is defined by

N
| 2(E - 2
£ = — = l<° | zzi | 2>, (28)

where all quantities are in atomic units and z, is the z component of the

.o ’ .th .
position vector of the i~ electron of the N electron system where the coordin-
ate system is referred to the midpoint of the nuclear axis with the z axis along

the nuclear axis. The perpendicular dipole oscillator strength is defined by

fr-‘;=i(_E_L“.3.:.E_°)l]<o [Z x| m“>|2 (29)

i=1
where X, is the x component in the same coordinate system.
The paréllel component of the dynamic dipole polarizibility tensor
at a frequency w for the state ®o is given by
f",
n

o (W=a, w=3S (30)
Z ll Py (En _ EO)Z - 2

and the perpendicular component is given by

2
&, -E)" -

o, =0 =3 S 5 G1)

where the summations over n and m in (30) and (31) are over all states,
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including the continuum, for which the respective oscillator

vanish. The refractive index is given by
n = L= 27Na(w)

where N is Avogadro's number and q(w) is the trace

20y (w) + %px(w)
3 .

Ot(u)) =

The anisotropy, 7(w) is defined by

7@) = o (@) = oy ().
If we introduce the summations
' =3S & @ -E)HF
L oo o’ ’
S r(k)r:a% £ (E, - E)

and 1 I
2 SU(k) + S (k)
3

S(k) =
the oscillator strength sum rule may be written

I 1.
S (0) =8 (0) = S(0) = N

strengths do not

(32)

(33

(34)

(%)

(36.)

We replace the actual oscillator strength distributionms in (36)

2

and (31)»by model oscillator strength distributions in which only a finite

number of terms are retained:

My i
i
Otn(w) = z ~|]2 "
i=1 N -~ w
My a_!:
o (@) = y X
L ~12
i;i. wi - wz

(37)



The experimental Franck-Condon factors(zﬁ) for the Lyman (X 12; -B 12:)

band system were used to construct the first 16 coefficients a,. Four

additional terms were added to (37) making Mm %20, The additional values

were initially taken from variational calculations(ZQ) based on the Weinbaum

wavefunction. Initial values of a, were chosen similarly from the experimental

(28, 33)

data on the Werner (X 122 - C 1Hu) band system. The first 9 excited

vibrational states were included, together with 4 additional terms from the
variational calculations,(zzg making Ml;=13‘ The values of the Werner and Lyman
band system oscillator strengths, and the initial values of a,, 51, a;, 51
taken from the variational calculations were then adjusted to best fit the re=
fractive index data,(Slé subject to exactly reproducing the sum rule (36) and
the measured anisotropy(sz) at 63288. The resulting model oscillator strength
distribution reproduces the dynamic polarizibility values derived from the

measurements of the refractive index(Bh) from 54622 to 18552 to at worst 0.2%

and at most wavelengths, to within O0.1%. Parameters for our final model spec=-
: 28)

_ 1
trum are given in Table L. Electron scattering data yield a value of

0.25+ 0.04 for £, and of 0.3110.04 for £os the oscillator strengths of the

Lyman and Werner bands respectively while our model distributions give 0.30

for fB and 0.35 for fC' Browne(Bﬁg

(35)

computed a theoretical value of 0.35 for

£, and Ehrenson and Phillipson

c a theoretical value of 0.27 for fB The

refractive index data at small wavelengths cannot be accurately reproduced by
value of fB and fc much below 0.30 and 0.35 respectively.

Values of the dynamic dipole polarizibility and refractive index
for molecular hydrogen at selected wavelengths, derived from the model oscilla-

1

tor strength spectrum, are compared in Table II with the experimental data.
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TABLE T

Constants for the Model Molecular Hydrogen Oscillator Strengths

g ot
0.0081 0.41096 0.07508 0.45173
0. 0144 0.41697 0.12180 0.46223
0.0297 0.42281 0.11655 0.47213
0. 0459 0.42849 0.07612 0.48142
0. 0648 0.43401 0.04882 0.49014
0.0774 0.43939 0.02835 0. 49829
0.0819 0. 44462 0.01838 0.50581
0.0882 0.44970 0.01628 0.51272
0.0882 0. 45464 0.01418 0. 51904
0.0864 0.45943 0.35245 0.57621
0.0801 0.46410 0.57418 0. 73544
0.0630 0.46863 0. 46842 1. 16207
0.0558 0.47300 0.08940 2.89711
0. 0459 0.47728

0.0369 0.48142

0.0315 0.48539

0.4167 0.57678

0.4326 0.67414

0. 2491 1.07059

0.0034" 2.28982
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TABLE IT

Dynamic dipole polarizibility in units of ai and refractive index of H2

A®

—csw—c—

[ed]

6328.0
5462.3
4359.6
4079.0
4047.7
3342.4
2968.1
2753.6
2535.6
2379.1
2302.9
1990.5
1935.8
1862.7
1854.6
1700.0

1600.0

Theory

04

5.450
5.554
5.591
5.675
5.708
5.713
5.845
5.963
6.056
6.182
6.299
6.368
6.766
6.865
7.017
7.035
7.471

7.872

%y
4774
4.857
4. 886
4.952
42979
4.982
5.087
5.179
5.253
5.351
5.443
5.496
5.803
5.879
5.995
6.009

6.337

@ 1k

6.803
6.949
7.001
7.120
7.167
7.173
7.361
7.529
7.663
7.843
8.012
8.111
8.692
8.837
9.062
9.089

9.739

6.636 10.354

(a-1)"

1. 364 (~4)
1.390(-4)
1.399(~4)
1.420(-4)
1.428(~4)
1.429(~4)
1.462(~4)
1.492(~4)
1.515(~4)
1. 547 (~4)
1.576 (~4)
1.593(~4)
1.693(-4)
1.718(-4)
1.756 (~4)
1.760(~4)
1.869(~4)

1.970(~4)

32

Experiment

(04

5.437
5.554
5.582
5.667
5.701
5.705
5.840
5.960
6.055
6.183
6.303
6.384
6.771
6.868
7.017

7.035

(a)

&

4.86 6.95

(@-1)"

1.360(~4)
1.390(-4)
1.396 (-4)
1.418(~4)
1.426 (~4)
1. 427 (~4)
1.461(~4)
1.491(~4)
1.515(~4)
1. 547 (=)
1.577(=4)
1. 594 (~4)
1.694 (=4)
1.718(~4)
1.755(=4)
1.760(-4)



A &) o

1500.0 8.431
1400.0 9.262
1300.0 10.625

1215.7 12.765

ay

7.045
7.638
8.573

9.933

oy

11.204
12.509
14.730

18,428

(-1)"

2.109 (=4)
2. 317 (=4)
2.658 (~4)

3.19%4(=4)

-= == 3,05 (&)

* The number in parenthesis is the power of ten by which the entry is to

by multipliéd

(a) The experimental numbers are derived from the following sources:

A = ©, referénce (38);

reference (36) modified as described in the text; all other values, reference

A = 6328, reference (32)
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The agreement at Lyman alpha (1215.72) between the value reported by Gill and
(37)

Heddle,(BG) the present theoretical result, and an earlier theoretical estimate
of 12.8 ag is excellent. However, Gill and Heddle used a depolarization factor

of 0.014 in the analysis of their data. The use of our more precise prediction

4 to 3.05 x 10"'4 and

their value of the average dipole polarizibility of 12.8 ag to 12.2 aﬁ.

of 0.055 modifies their value for |n-1| from 3.20 x 10~

If the rotational structure is not resolved, and the incident

wavelength is not near a resonance wavelength, the Rayleigh scattering cross

section is given by(37)
1281(5 2,2 2
Q. (A) = === 13a(w)” + 3 7(w) (38)
Ray o 3

and the Rayleigh depolarization factor for unpolarized incident light is given

by

2
Prge (@) = Rzl (39)

¥ 457(0)% + 77(w)>

Values of the molecular anisotropy 9¥(w) , the Rayleigh scattering cross sec-

Ra
wavelengths are givenAin Table IITI. The theoretical values at Lyman alpha
3 24

O,

tion QRay(w), and the Rayleigh depolarization factor p Y(w) for selected

cmz, and 0.0552 respectively, while the

estimate of reference (37) gives 2.1 x 10-24 cm2 for QRay' At shorter wave-

(1215.78) are 8.495 a’, 2.35 x 10~

lengths, the anisotropy 7(w) increases more rapidly than the polarizibility

a(w), so that the depolarization factor pRay(w) increases markedly above its 10%5

wavelength limit of about 0.018 to a value of 0.055 at Lyman alpha, where it

significantly modifies the interpretation of measurements of photon scattering.(BG)
The Verdet constant for molecular hydrogen is closely approxi-

(39)

mated by the Becquerel formula

V = 1.007 x 10%2 %‘% (40)
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TABLE III
The anisotropy, Rayleigh cross section and depolarization factor, and the
Verdet constant (in units of microminutes/oersted-centimeter-atmosphere)

for molecular hydrogen

rdy 7(a2) Pray Qp, . (en’) v
o0 2.029 0.0181 (0] 0
6328.0 2,092 0.0185 5.69(-28) 5.35
5462.3 2.115 0.0187 1.04(-27) 7.29
4359.06 2.168 0.0190 2.64(-27) 11.8
4079.0 2.188 0.0192 3.48(-27) 13.7
4047.7 2.191 0.0192 3.60(=27) 13.9
3342.4 2.274 0.0197 8.11(-27) 21.6
2968.1 2.350 0.0202 1.36(-26) 28.6
2753.6 2.410 0.0206 1.89(-26) 34.5
2535.6 2.492 0.0211 2.75(-26) 42.6
2379.1 2.569 0.0216 3.68(-26) 50.6
2302,.9 2,615 0.0219 4.29(~26) 55.3
1990.5 2.889 0.0236 8.70(~26) 85.3>
1935.8 2.958 0.0241 1.00(-25) 93.2
1862.7 3.067 0.0247 1.22(-25) 106.
1854.6 3.080 0.0248 1.25(~25) 108.
1700.0 3.401 0.0268 2.00(-25) 147.
1600.0 3.710 0.0286 2.84(=25) 188.
1500.0 4.159 0.0313 4,24(=25) 253.
1400.0 4.871 0.0354 6.80(-25) 363.
1300.0 6.158 0. 0426 1.22(-24) 591.
1215.7 8.495 0.0552 2.35(-24) 1070.
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in units of microminutes/oersted-centimeter-atmosphere. Values of the Verdet
constant at various wavelengths calculated from the model oscillator strength
distributions are given in Table III. Our values of 7.29 and 11.8 at 54628
and 43608 respectively agree with the measured values(jﬁ) of 7.06 and 11l.4 to
within the experimental error.

The oscillator strength moment functions S“(k), Sl(k) and S(k),
defined by equation (35), provide useful information on molecular structure,
and many properties of interest can be expressed in terms of them. Values of
the moment functions for molecular hydrogen, calculated from the model spectrum
are given in Table IV. Values based on the accurate variational calculations
of Kolos and Wolniewiczamm) are given for comparison. The values of S“(+2), SL(+2)
and S(4+2) are not of high accuracy because of inadequacies at the large fre-
quency part of the spectrum. The values of SI{0), SL(O) and S(0) are exact,
of course, because the model spectrum was constructed subject to this constraint.

@1)

The relations

A

sl (-1) = 2 <<1>0 | (g + 207 | ®o>'“

sh(-1) = 2 <<1>0 | =, + x2)2 | CI’o> )
" (Al

sh(~2) = dl (w= 0)

st(-2) = at (v = 0)

give the moments in terms of expectation values of certain operators with

respect to the ground state wavefunction @o. Since the values of these oper-

ators are a function of internuclear separation, integration with respect to

the appropriate vibrational wavefunction for the ground state and averaging

over rotational states corresponding to the temperature of interest is necessary.
i L : . G0O)

Values of S"(-~2), S*(-2) and S(-2) determined by Kolos and Wolniewicz,

where vibrational and rotational averaging was effected, agree very well with

36



TABLE TV

Moment functions of the dipole oscillator strength distribution for

=

+2

+1

8" ()

0.82
1.214

2.000

3.580 (3.541)
6.803 (6.786)
13.48

27.55

e
molecular hydrogenc

-k
1.93

1.674

2,000

2.913 (2.826)
4.774 (4.750)

8.433

15.67

105

1.56(3.693)
1.520 (1.704)
2. 000

3.135

5.450 (5.429)
10.12

19.63

The values in parenthesis are based on the accurate variational calculations

of Kolos and Wolniewicz.

(40)
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the corresponding model spectrum values. The agreement is less good for
S“(-l), where only vibrational averaging was done, and for Si(-l), where the
operators were evaluated only at the equilibrium separation.

The important molecular parameter in the Bethe(42) th

eory of
the stopping of high velocity charged particles in molecular hydrogen gas is
defined by the sum

§f2 in (En - Eo) + %ft—i—,@n (Em - Eo)

The mean excitation energy I is found to be 18.6eV, compared to previous theo~

retical estimates of 18.4eV, (43) and 19.5eV.(44¥)

The long-range dispersion energy between two hydrogen molecules

depends upon the orientation of the molecular axes. Using the geometry shown

%5)

in Fig. 6, the long-range interaction energy is

-6
V = =R C + C - 2C
: ( . L, ||,_.1_)
, 2
{31n9a sinf cos(@a - @b) - ZGosea coseb]
2
“,1.- Ci,l) cos Qa “3)
2

. 6
+3(Q”’ll QL,1> cos 6,

b
+3(C

Y

+(2C 4

+ 4C
P”,_L .L’.L)

%6)

According to the Casimir-Polder formula, and simple geometry, the constants

q",”, C”,L’ and c,

4 can be expressed as simple linear combinations of the
¢4

integrals 3 s
= L/\qm (iw) a (iw) dw ,

k14
o
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Figure 6. Geometry for long-range H,-H,
interaction potential.
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o0

%ofa'“ (1) o) (iu) du
and o
3 . .
P foz_'_(lw) oa_l_(lw) dw .
o

Upon using the model spectrum, and changing the sign in the denominator

of equation (37), trivial calculations ykld values of 3.861, 1.232, and 2.426

respectively for Cyw» Cpras and C, I with an expected accuracy of about 1%.
s » s

Thus,

6

V = =R~ 0.241 [ siné sinf, cos (@ - & ) = 2cosf cosb
a a b a b

b
o2y
+3.582 cos Ga

+3.582 c0329b

49.780} .

2. Mars Lander Experiment - Spectral Photometric Day, Twilight,
and Night Airglow

In Quarterly Progress Report'#l some discussion was given to
the definition of a Mars Lander Experiment designed to perform spectral photo-
metric measurements of the Martian atmospheric day, twilight and night airglows.
Some of the required initial tasks were performed in eorder to make a preliminary
evaluation. of the feasibility and potential involved in the performance of
the experiment.

During the current reporting period this task has been completed.
For convenient reference, the results are combined into one detailed report

which is given below.
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a. Introduction

The identification of both organic and inorganic atomic and
molecular constituents in the Martian atmosphere is considered to be fundamental
to aeronomic and exobiological studies. 1In the terrestrial atmospheric case,

a most valuable source of these data has been the performance of day, twilight,
and night airglow observations employing ground-based spectrophotometric tech-
niques in the visible region of the spectrum. These established techniques

can be translated, extended and modified into an appropriate configuration so
that similar Martian surface observations may be performed over both the ultra-
violet and visible regions of the spectrum.

In Quarterly Progress Report #1 it was demonstrated thgt
airglow experiments can be performed in a more optimum fashion from the Martian
surface where many of the constréints for an earth surface platform are minimized.
On the basis of the work performed during this quarter, it will be shown that a
number of unique opportunities may exist for the generation and subsequent ob-
servation of significant signal intensities from solar illuminated constituents
in the Martian atmosphere as well as self-emissions due to chemiluminescent
reactions and electron and proton bombardment processes involving certain species.
Specifically, it can now be demonstrated that the general background radiation
applicable to the Martian airglow experiment is about two orders of magnitude
less than that encountered on earth and furthermore, that the spectral range of
investigation can be extended down to 20002. Signal sources involving Martian
atmospheric constituents are abundant for the region A 2000-30002, which is
accessible from a Mars-based platform.

A double-pass scanning spectrophotmeter is proposed to
scan the region 2A)A 2000-80008; it is a simplified version of a developed cap-

ability for use in earth satellites. Since it involves no moving optical
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components, it can be packaged for extreme ruggedness in order to survive the
relatively high g-loading in the landing environment.

The specific experiments suggested in the following sections
involve a host of complex theoretical and practical problems which are considered
to lie outside the scope of the present survey and feasibility study. 1In fact,
in some cases, it is difficult to assess the value of performing a specific
experiment as compared to other techniques which may be available or have
been suggested for the same purpose. Alternatively, it is felt that enough
scope and data have been incorporated into the present discussions to amply
illustrate the potential involved in a number of applications of airglow obser=-
vation technology for the identification of specific atomic and molecular con-
stituents in the atmosphere of Mars.

The remaining discussion is presented in the following
four sections. The pertinent geometric and solar illumination factors involved
in the performance of the proposed Martian twilight, day and night airglow
experiments are discussed in Section b, while a number of possible signal gen-
eration sources within the spectral range A\ 2000-80008 involving some of the
more possible constituents in the Martian atmosphere is included in Section c.
For convenience, Section c is divided into five subsections devoted to consid-
eration of the roles of resonance scattering, fluorescence scattering, atmos-
pheric absorption, nightglow, and Martian dust. The experimental configuration
of the suggested scanning spectrophotometer is discussed in Section d.

b. On the Geometric and Experimental Configurations Involved

in the Performance of Photometric Measurements from a

Mars Lander Platform

Most of the pertinent geometric parameters involved in this

study are illustrated in Figuréﬁ7. In this section, a number of relatiomnships
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Figure 7. Geometry of the Martian airglow spectrophotometric
scanning equipment.
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will be deduced between these several parameters which are employed subsequently
in the development and discussions of the suggested experimental configurations.
Zenith (g = Oo) sky radiances have been calculated for both

earth and Mars for the case of solar zenith angle of zero degrees (i.e., over-

head sun) employing available model atmospheres for earth and Mars,(47’4§)

the appropriate incident solar fluxes(¢2) (30)

(51)

and the absorption and Rayleigh

scattering characteristics of the several pertinent planetary atmospheric
constituents. The results are shown in Figure§§ wherein the heavy dashed and
solid curves obtain for the earth and Mars zenith radiances respectively. It
should be noted that two separate radiance scales are employed in thi s figure
which illustrates two important factors. First, over the spectral range

AA 3000-80002, Martian atmospheric background intensities are about two orders
of magnitude less than those on earth, (which is roughly equivalent to a
platform located at about 30 km above the surface of the earth) and second,
the fact that the observational spectral range is extended down to 20008 for
the ‘case of Mars. However, a portion of the apparent improvement in back-
ground radiation is due to the scaling factor applied to the lower incident
Martian solar flux. Thus, solar flux dependent signal sources would undergo

a corresponding decrease whereas in the case of self-emission sources, full
advantage can be taken of the lower background radiance conditions. It should
be stressed that only the role of Rayleigh scattering has been considered in
these calculations so that the presence of a solar-illuminated surface haze
layer would result in a Mie scattering background intensity contribution which
has not been included herein. 1In any event, it appears that as far as back-

ground considerations are concerned, distinct advantage is obtained with
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respect to the terrestrial atmospheric case for the performance of dayglow
observations from the Martian surface.

For the earth case, it has been well established that
twilight airglow observations contribute significant data to the aeronomy of
the upper atmosphere. In the following discussions, reference is made to the
performance of cogent twilight observations in both the zenith (B = 00) and
horizon (or more appropriately at g < 800) directions. Accordingly, for sub-
sequent reference it is convenient to derive a number of relationships involving
the geometric parameters identified infﬁiéureﬂﬂ.

The twilight geometry pertinent to planetary atmospheres
has been discussed in detail elsewhereSSQ) For the simplified case where atmos-
pheric refraction is neglected, a sharp shadow line AB prevails as shown in

Figure'? . Under such conditions, it can be shown that for the zenith look-

angle, p = 0° and small o~values,

hz ~ Q? for earth (&4)
w2
2h, # o for Mars (45)

In addition, for horizon observations performed along g = 900, the horizon
illumination altitude, hH as shown in Figureﬂ% was determined directly from
geometric relatiomships. The zenith and horizon illumination altitudes, hZ
and hH respectively for Mars are shown in Figure @% in terms of both the
solar depression angle, ¢, in degrees, and in minutes.
Resultant zenith radiances are presented in Figureii@
in terms of Rayleighs/g as a function of wavelength for 2 2000-8000% and
a number of hz-values ranging from 0-100 km. For convenience, the corresponding

a~values are included on each hz-curve. The horizon radiance in Rayleighs/g
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MARS ZENITH RADIANCE (Rayleigh/A)
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Figure 10. Zenith sky radiance as a function of wavelength for
selected solar depression angles.
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is presented in Figure Mi as a function of solar depression angle. 1In this
figure, the radiance calculations were performed for three representative
wavelengths, namely 2000, 2500, and 30008 since no significant attenuation
occurs for A\ > 30008 where the screening height approaches zero km. The
screening height, hs results from attenuation along the twilight path indicated
in Figurer? as A'B'. 1In the case of Mars, significant attenuation occurs

for A < 19758 where CO2 absorption predominates. At higher wavelengths, the
decreased attenuation is due only to atmospheric Rayleigh scattering by the
(48)

major constituent model atmosphere gases, i.e., 002 and Nz.

increase in hs-values for A < 20008 shown in Figure]iéﬁillustrates this point.

The sharp

In the present discussion, the hs-values are small compared to the radius of
the planet at all wavelengths AM\ 2000-80008. Under this condition and for re-
latively moderate solar depression angles, it is appropriate to simply add

the hs and hz-values to derive the effective altitude above which resident
atmospheric constituents are fully solar illuminated under given twilight
conditions. This is illustrated in Figure?ﬂ; by the altitude region above the
point marked B'.

Estimates were made for the time duration of specific twi-
light conditions which obtain on both earth and Mars for comparison and refer-
ence. For the present purpose, an arbitrary twilight condition is defined for
a change in solar depression angle, Ax from 1 to 18 degrees (which corresponds
to astronomical twilight on earth). The time durations of this condition as
a function of date at common latitudes were acquired for both planets. The
data, pertinent to the case of earth was deduced directly from data contained -

in the American Ephemeris and Nautical Almanac. Although corresponding data
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for Mars were not readily available, they were calculated by application of

the following expression

-7
o) T 5
sty = | 35072577 | (46)
AtT = time duration for astronomical twilight = A = 0-180, cos T =

-tan & tan A.

sin & sin A ¥ sin

oS Tp = = cos B cos A -
where ® = solar declination angle
A = geographic latitude
and o = solar depression angle

The factor 360/24.7 relates to the rotation period pertinent to Mars.
The time duration of astronomical twilight (A = 0—180)
for the northern hemisphere of earth and Mars are shown in Figures\i@ and ﬂﬁ%

respectively. The similarity of the At ~values for common latitude is striking

T
although this behavior reflects the ensemble of pertinent planetary and orbital
characteristics of the two planets.

In summary then, the following pertinent features can be
noted: (a) for the spectral region A\ 3000—80002, the zenith sky radiance
observed on the surface of Mars is about two orders of magnitude less than
that which prevails on the earth's surface and that this background corres-
ponds to that encountered from a platform located at a 30 - km earth altitude,
(b) for Mars, the spectral region of investigation can be extended down to
ZOOOX, (c) the time duration of specified twilight conditions for earth and

Mars are similar, and (d) for given Q~values, the shadow height on Mars is

about half of the earth wvalue, which allows increased observation time per
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unit altitude interval.

The relationships and results presented in Figures 7
throughii# inclusive will be referred to and employed as required in the
following discussions which identify a number of possible signal sources which
emit throughout the spectral region A 2000-80008.

c. Potential Signal Sources in the Atmosphere of Mars Owing
* to the Following Phenomena: Resonance Scattering,
Fluorescence Scattering, Chemiluminescence, Absorption,
and Particulate Scattering.

In this section, a number of possible signal sources are
discussed and evaluated in order to illustrate the potential involved in per-
forming the proposed Martian Lander spectrophotometric experiment. Owing both
to the broad scope of the problems encountered and to the required brevity
of the presentation, detailed discussions involving parameters which are of
necessity somewhat speculative have been avoided. Thus, each signal source
category discussed results in the illustration of the potential involved
rather than in the recommendation of specific detailed selective experiments.
A convenient format has been adopted which incorporates five categories: ¢h)
Resonance Emission from Solar Illuminated Atoms or Ions in the Upp;r Atmosphere,
(2) Fluorescence Emission from Solar Illuminated Molecules or Molecular Ioms,
(3) Airglow Radiations from Chemiluminescent Reactions between Atmospheric
Constituents, (4) Absorption Owing to the Presence of Trace Constituents in
the Lower Atmosphere of the Planet, and finally, (5) The Role of Particulate
Scattering due to Dust gpd Haze in the Lower Atmosphere of Mars.

(1) Day and Twilight Airglow Emissions Owing to Resonance

Scattering by Solar Illuminated Atoms or Ions in the
Upper Atmosphere of Mars

In general, atomic, ionic and metastable species in

a planetary atmosphere‘feside\ in the upper altitudes owing to recominbation
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processes which become more efficient with increasing number densities. The
resultant high altitude profiles are particularly amenable to observations
conducted under twilight conditions wherein the background radiation can be
minimized without significant reduction in the signal intensity. This is not
to say that full dayglow observations are precluded; thus for high signal in-
tensity magnitudes, a program of dayglow observations may be warranted.

With certain simplifying assumptions for the case of

resonance scattering by atoms or ion species

ﬂez 2 N
4l = 7F = A" fw = (48)
mc H
. s . -2 -1 x-l
where 4nl = the emission rate in photons-cm “=sec -
(one Rayleigh = 106 photons-cm-z-sec-l)
nF = the solar flux in p]:xotons--cm-'z—sec'-l-g-1
A = resonance wavelength
£ = f-value or oscillator strength of the line
w = the albedo for single scattering
N = number of atoms along the line of sight in ::'Ltoms-cm-2
9 = cos O where 6 is the angle between the illuminating and

observing paths.
For the present purposes, it is convenient to define an emission probability

factor, i.e., the number of photons scattered per second per solar illuminated

atom:
ﬂez 2
g=aF =% A fw 49
me
so that
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The detailed composition of the Martian atmosphere is
unknown at present. However, even with the limited available data, one may
speculate that an ensemble of possibilities exist for the production of neutral
and metastable atoms and ions in the upper atmosphere. When solar illuminated,
these species will re-emit at their characteristic signature resomance radia-
tions which can represent possible signal sources of interest for 2A) 2000-80008.
Among the generation processes are included: ionospheric recombination, solar
photodissociation, photoelectron and solar wind proton interaction with the
atmospheric constituents, photochemical production of these species, etc. Under
certain conditions, it can be expected that the resultant resonance signals
could be highly intense. For example, in the terrestrial atmosphere case, the

o1l 21-63002 and the sodium-D-58908 radiations (on the order of 20kR) have
been observed in full dayglow experiments by Noxon and Goody(ss) and Donahue(sq)
respectively, in spite of the intense earth background radiations shown in
Figure*ga at these spectral positions. Since the corresponding background in-
tensities pertinent to Mars are two orders of magnitude lower, it is evident
that in the proposed Martian surface experiment similar and lesser emission
intensities could be observed in the dayglow. Another possible source of at=-
mospheric atoms and ions results f£rom the deposition and subsequent observation
of interplanetary debris in the upper atmosphere of Mars. This latter source
is singled out for more detailed discussion in order to illustrate the poten=
tial involwved.

Interplanetary debris represents an important source
of minor constituent atoms and ions in the upper atmosphere of the earth. The
identity and inventory of these debris atoms and ions have been experimentally

+ +

confirmed for Na+; Mg, A£+; Ca4; Fe and Si+c5§)by direct in-situ measurements

and also for Ca+, Na, K and Li(SE) by ground-based photometric twilight
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observations. The observed atomic number density-altitude profiles typically
peak in the vicinity of 100 km with a sharp cutoff occurring at lower alti-
tudes due to the occurrence of oxidation processes. It may be speculated that
a somewhat similar situation obtains in the upper atmosphere of Mars. In fact,
on the basis of an analysis performed by Marmo and Brown,ﬁfb it has been
shown that assuming equivalent debris influx rates, for the case of Mars the
peak number density would be larger (due to the limited oxidation processes
compared terarth) and also it would occur at altitudes in the vicinity of

80 km. In any case, it appears reasonable to search for the presence of these
debris species in the upper atmosphere of Mars. To emphasize this possibil-
ity, the following preliminary analysis was performed.

First, a number of possible debris constituents were
selected on the basis of two criteria: (a) that they possess a relatively’high
chemical abundance in typical meteQrs,(SQ) and (b) that their resonance wave-
lengths are located at AN > 20002.(5?) The selected debris atoms and their
corresponding resonance wavelengths are presented in columns 1 and 2, respectively
of Table Vi . From readily available data(S?’ég) corresponding g-values were
calculated as shown in column 3 of Table V . Relative signal intensity estim-
ates can be derived for the tabulated species as follows. First, it is assum~
ed that the deposited inventory of the upper atmospheric debris species is
. equivalent to its chemical abundances in typical meteors. Then if C represents
this abundance parameter, the product gC-values in column 4 of Table %f are
measures of the expected relative signal intensities. It is convenient to

normalize these values to sodium which is assigned an arbitrary value of umnity.

As noted previously, a representative earth value for the Na-D-58908 dayglow
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TABIE v V

Relative Emission Probability - Abundance Factors (gC-values), for Solar
Illuminated Meteoric Debris Atomic and/or Ionic Species
in the Martian Atmosphere

Debris Resonance g'Ehoton ‘>* dede
Species Wavelength R &\ sec-atom gC-values
AL T 3082 7.6(=2) 2.6(~1)
Ca I 4227 1.0(-2) 1.7(-2)

Ca II 3933 1.4(-1)

Fe I 3441 7.6(~=3) 6.0(-1)
Fe II 2599 2.2(=2)

K1 7699 1.2(-1) 1.4(-1)
Ii I 6708 4.4(0) 1.6(~2)
Mg I 2852 1.0(-1) 3.2(0)
Mg II 2796 3.1(~2)

Na I 5890 6.4(~1) 1.0(0)
NilI 3370 8.2(=2) 7.9(=2)
811 2514 6.0(~3) 2.1(-1)
Ti I 3342 4.0(=2) 3.4(~2)
%

Values in parenthesis are raised to that power of ten

ok K
gC-values are relative to a value of unity for sodium
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can be taken as about 20 kR.(Sig If this signal intensity value is employed
as a reasonable estimate for the Mars dayglow, it follows that all the species
indicated in Table*w should be readily observable under certain specified
conditions (of both dayglow and twilight airglow) encountered during the conduct
of the suggested experimental program.
(2) Day and Twilight Airglow Emissions Owing to

Fluorescence Scattering by Solar Illuminated Molecules

and Molecular Ions in the Atmosphere of Mars

Molecules and molecular ions which may represent
sources of Martian atmospheric emission included the following candidates:

&t ot oot cot

CO, NO, 02, N,, OH, CN, N 27 02, co , 002, and others. Therefore, the result=

2?
ant fluorescence over the spectral region of interest AL 2000-80008 owing to
the initial absorption of solar radiation by these molecules constitutes
another signal source which is evaluated in the following discussion.

The molecular case is more complex than its atomic
analog discussed previously although the single scattering theory for atoms
may be adapted readily for application to diatomic molecules. The expression

which describes single molecular photon scattering is analogous to Equation (48)

for atomic species and is given by:

ﬁez 2 No
4ﬂIv'v“ = ﬂFv'o mc2 lv'o fv'o et " (51)

where the v'v'" subscripts emphasize the fact that the initial absorption may
occur in one electronic-vibrational transition while the subsequent fluorescence
may occur at longer wavelengths involviﬁg other electronic-vibrational trans-
itions. In the above expression, the F, £, and A-values have subscripts v'o

to indicate involvement of the absorption band of the lowest vibrational level

(v" = 0) of the ground electronic state. The Nc-value indicates that the
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participating molecules generally reside at the lowest vibrational level
of the ground state. As a further analogy to the case of atoms, the emission

probability factor for molecular fluorescence may be expressed as

2\
Te 2
Boryn = g e Agto £r10 Bytyn (52)
so that
NO
Z*TfIvlvu = gV'V" —“'.' (53)

In general, the pertinent molecular f-values are not available so that the
corresponding gv,v"-factors are not readily calculable. However, the rela-
tive intensity distribution of the molecular resonance and fluorescent bands
can be deduced for an optically thick atmosphere on the basis of the published
theoretical results of Chamberlain and Sobouti.<6ﬂ) They have shown that for
this case

l.)"(:)
nw O — H(Ho) (54)

4nl_,
v B

= 7F w
v vio w'lv

where H(uo) are tabulated functions by Chandrasekhar(ggz) and AM is the effective
line-width.(6i) Thus, the relative intensities of both the resonance and
fluorescence bands are proportional to the solar flux, Fv'o and the albedo
for single scattering, wv'v"' The fv,o-values are not involved in Equation

(54) since the solar flux penetrates into the optically thick atmosphere to

saturate the bands. If theéﬁ(uo/u)H-value is assigned the value of unity, then

4ﬂ1v'v" B g g - (55)

which yields reasonable signal estimates for the optically thick case, as well

as indicating the relative intensities in a given fully solar illuminated band

system.
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A number of pertinent parameters for several possible
molecular constituents in the Martian atmosphere are summarized in Table yi.
The band systems are identified and the appropriate electronic transitions are
indicated in column 2 while column 3 includes some selected v'-v" transitions
and their corresponding A-values as presented by Barth.(63) In each case,
the initial absorption (i.e., vko) transition can be identified easily while
the subsequent fluorescent emissions were selected on the basis of their re-
lative efficiency over the spectral region A\ > 20008. In accordance with

Equation (55), the 4KFV, wv,v"-values corresponding to the selected fluorescent

o
emission bands are presented in column 4 of the table. At best, these values
represent maximum signal estimates which can be expected to be reduced signifi-
cantly in practice for specific cases. Fimlly, some general comments are
presented in column 6 which are pertinent to each of the individual transitionms.
Detailed evaluation of the probability of observing
any specific emission indicated in the table would require a complex analysis
where much of the basic input data which at this point are at best speculative
or just not avilable. For example, it is important to ascertain whether a
particular molecular constituent is well-mixed or is resident in layer form in
the upper Martian atmosphere. It can be assumed that the major model atmos-
pheric constituents, Nz and 002 are mixed, while for such species as OH, CN,
N;, O;; CO+; and co; layering could be invoked. Furthermore, for such molecules
as CO, NO, and O2 the atmospheric distribution question can not be answered
at this time. Additionally, an important factor in evaluation of twilight

observation of molecular fluorescence involves the horizon screening height

shown in Figure?ﬁzaand discussed in Section b. For example, if the imitial
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absorption occurs at a wavelength of about 1400&, (i.e., see the 4th positive
5~0 transition for CO in Table VI ) the resultant screening height is approx-
imately 160 km. When this value is added to the hz-values of Figure \I0 , it
is evident that the columm count of solar-illuminated CO molecules is rela-
tively limited. Accordingly, under certain conditions it may be advantageous
to select absorption transitions which involve relatively long wavelengths and
correspondingly lower screening heights. Additionally, it should be noted
that unless the molecular constituent resides in an atmospheric layer con-
figuration, the performance of twilight measurements may not be particularly
advantageous. Alternatively, the performance of both day and twilight airglow
experiments could provide data from which the existence of either the mixing
or layering configuration could be ascertained. Finally, thg role of quench-
ing must be considered for relatively low altitude airglow phenomena. This

is expecially true in cases where forbidden transitions (i.e., long lifetimes)
are involved.

Many of the transitions specified in Table Vi can re-
sult in fluorescence caused by the interaction of photoelectrons in the upper
atmosphere of Mars. It should be noted that in the earth case for certain
constituents, this phenomena represents the major emission factor so that its
effect on Mars should also be vecognized. However, this well known additive
source function is not stressed here since it is a tractable problem so long
as the appropriate data are available.

On the basis of the foregoing discussions, and the data
presented in TableV@% » it is evident tha%?phe definition of specific measure-

ments is an extremely complex matter. However, with appropriate effort, some
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selectivity for the ensemble of possibilities in Table W{I could be made in
order to isolate the more promising cases. For the present purposes, this
task is considered to lie beyond the scope of this presentation.

In summary, then, it is felt that the data shown in
Tabk ﬁ; and the foregoing discussions indicate the potential of performing
fluorescence experiments in the spectral region AN > 20002, in order to
identify a number of possibly important molecular constituents in the Martian
atmosphere and ionosphere.

(3) Twilight and Night Airglow Emissions from Chemi-

luminescence Proe¢esses Occurring in the Upper

Atmosphere of Mars

It is conjectured that various possibilities exist for
the generation of chemiluminescent atomic and molecular emissions due to
reactions between ambient chemical constituents in the Martian atmosphere. As
an example of the former, (atomic emissions) chemiluminescence may result
typically from the debris species enumerated in Table V by mechanisms related
to those which photochemically produce the nighttime sodium-D lines observed
in the earth's atmosphere. 1In addition, twilight and night airglow emissions
at 6300, 6364, 51998, etc. may be produced from a variety of processes which
include photodissociation, recombination, photoionization, electron and proton
impact, etc. Concerning molecular system chemiluminescence, it has been sug-
gested that a significant portion of the terrestrial night airglow is attri-
butable to the production of Noz produced by the reaction between NO and O.

This process as well as a similar one involving CO and O may occur in the

Martian atmosphere. These latter two possibilities are discussed in a more
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detailed evaluation below where resultant order of magnitude signal intensity
estimates are derived.
;’.a
ey

Inn first suggested that the blue haze observed

on Mars may be due to chemiluminescence from a reaction involving CO and O
%

which resulted in the production of excited coz. The subsequent emission
from this excited species resides in a band system in the spectral region

AN 3200-60008 with a peak intensity occurring at a wavelength of 40008. The

(65)

spectrum was photographed and classified by Mahan and Solo who reported

that this system consisted of 250 bands with relatively little continuum back-

ground. Inn(6Q) employed a photochemical equilibrium model (using local

number densities for [CO] = [0] = 102 em™3 at an altitude of about 100 km)

(66)

and the chemiluminescence efficiency data of Clyne and Thrush to estimate

a total band system brightness of about 20 kR. On the basis of this value

(63) it can be estim=~

and the spectral distribution observed by Mahan and Solo,
ated that the signal brightness of the most intense band of the system could
amount to about 1 kR. A signal intensity of this magnitude would be easily

detectable under the appropriate twilight conditions (see Figures\ﬁb and i} ).

*

With respect to the possibility of observing the N02

emissions in the twilight or night airglow, it is necessary to establish an
upper limit value for NO in the Martian atmosphere. Marmo and Warneck(éﬁ)
have shown recently that under thermodynamic equilibrium an NO/O2 ratio > 1
obtains throughout the mixed region of the Martian Atmosphere. Additionally,
Belton and Hunten(6§? experimentally established an upper limit value for O2

of about 20 cm=atm. or about 5.4 x 1020 cm2 column in the Martian atmosphere.
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If this value is also applied to the case of NO, then in a mixed atmosphere,

at an altitude of about 100 km the local number density of NO, [NO] m 10'tem™3

(

6%
Jonathan and Doherty L) have demonstrated that the chemiluminescence efficiency

%
for the NO2 emissions is about 2000 times greater than that measured for the

CO; throughout the investigated spectral ranges. Thus, it is evident that
under conditions similar to those specified by Inn(64) (i.e., where [0] =

1012 cm-3) the resultant chemiluminescent signal intensity may be as large

as 4 x 103 kR. However, it should be noted that this latter value is predicated
on the photon emission rate over the entire continuum which extends over a
spectral interval of about 20008. Thus, on a unit spectral interval basis, the
average chemiluminescence signal amounts to about 2 kR/X. However, since the
continuum peaks around 62008, observations conducted at this spectral position
can be expected to amount to about an order of magnitude greater or about 20
kR/x. Clearly, such signal magnitudes could be observed easily during the course
of the proposed experiment. However, in reality the local NO number density

at a Martian atmosphere altitude of 100 km is probably less than lO11 cm-3

so that a concommitant reduction in signal intensities would result.

Finally, with respect to the two chemiluminescent
reaction examples discussed abowe, it should be noted that the pertinent chem~
ical consumption rates are such that the active constituent number densities
are essentially conserved throughout the night. Under these minimum back-
ground intensity conditions, it is evident that a sensitive technique is avail=-

able for positively observing and identifying these emissions and subsequently

establishing meaningful upper limit values for the constituents involwved.
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(4) The Detection, Identification, and Measurement of

Altitude Profiles of Minor Constituents in the Lower

Atmosphere of Mars

In this section is described an experimental technique
designed to detect, identify, and measure the altitude profiles of minor con=~
stituent absorbing species in the lower atmosphere of Mars. For this purpose,
twilight measurements are performed to measure the irradiances of both the
zenith and horizon directions. It will be demonstrated that these irradiances
are sensitively perturbed by the presence of absorbing trace constituents in
the lower atmosphere of Mars. This technique involves the following advan-
tages: (a) the detection capability is enhanced by about a factor of 25 greater
than that available with currently employed techniques; (b) the unambiguous
identification of the constituent involved is possible owing to its absorbing
characteristic for A) > ZOOOQ; and finally (c) the species altitude distri-
bution can be ascertained on the basis of the geometric factors involved in
the performance of cogent twilight experiments.

As discussed previously, the Martian atmosphere is
essentidally transparent to solar zenith radiation for wavelengths above about
20008 as shown by the results of Figure%@» and confirmed by the recent observa-
tions of Evans.e?§» On this basis, it is possible to experimentally establish
upper limit vertical column count values for any gas which absorbs radiations
of wavelengths greater than 20008. For example, employing the measured ab-

sorption cross-sections for ozone in this spectral region,

upper limit vertical count value of about 1 x 1017 cm2 column can be established.

a corresponding

Identification of the existence and establishment of the upper limit estimate
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of the content of this particular constituent has important implications on
both aeronomic and biological processes occurring in the Martian atmosphere.

Similarly, upper limit values can be established for
other potentally important species which exhibit distinctive absorption features.
The absorption curves for a number of such potentially important candidate
species which qualify in this regard are presented in Figures /15 ,:@&6, and A7
over the spectral region AL 2000-30008. These data were extracted directly
from Calvert and Pitts.(7}) It should be noted that the curves pertinent
to inorganic species are presented in Figure 15 while the absorption character-
istics of several interesting organic materials, which may be related to
biological interests, are shown in Figures 16 and 717.

With respect to the data of Figuref§5 , it should be
noted that in biological processes, H202 is required to oxidize both sulfides
and certain carbon compounds to simple sulfates and carbonates. In addition,
Marmo and Warneck(6?) have demonstrated that 502 or HZS can participate as
precursor sources for sulfur in the photochemical generation of sulfur contain-
ing amino acids in the Martian atmosphere. Marmo and Warneck(gp) have also
shown that, in the Martian atmosphere, a thermodynamic relationship obtains
for the NO/O2 ratio, which can be further related to the contént of NOZ’
NZO , and NOC/ so that the presence of these constituents may involve both
important aeronomic and biological implications. For inorganic gases, a num-
ber of additional candidate species have been enumerated previously in Table Vﬁ
where appropriate absorption (v'" = 0) bands are shown to occur at A > 20008

for several transitions.
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Absorbing gases (for AN > 20008) which may be present
in the lower Martian atmosphere may act as photosensitizers to allow solar
photolysis of C02, HOH, organics, and other molecules which do not absorb the
relatively intense solar flux in this spectral region. Tor example, although
CO2 andwater vapor do nd absorb strongly in this region, the invocation of
of photosensitization by an absorbing species (i.e., 502, HZS) could result
in the photolysis of these species and subsequent generation of several simple
organic molecules which may have important implications on the exobiology of
Mars. In fact, several compounds possibly produced by the above mechanism
are also represented in the life-cycle. Characteristically, simple organic
compounds often absorb strongly in the region AX 2000-30008 as illustrated
by the data of Figures f% and 1?‘pertinent to a variety of formaldehydes,
ketones, organic acids, hydrides, and esters. GCalvert and Pitts(?x) present
a number of photolytic mechanisms involving these and other organic materials,
the products of which would undoubtedly be important to Martian biological
investigations. The detection of these or other organic materials does not
intrinsically assure a biological origin, although the presence of these
constituents could represent and possibly be identified with key residue
materials of biological processes. 1In this regard, it would be of particu-
lar value to review the experimental requirements and expected results of
complementary exobiological experiments aboard the Martian Lander.

The salient features of an atmospheric absorption
measurement experiment can be discussed both in terms of the geometry illus-

trated in Figure’§7 , and the corresponding twilight zenith and horizon rad=-

iances presented in Figures 10 and ﬁh_, respectively. The detection of minor
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constituents will be achieved by performing both zenith and horizon specfral
scans QX 2000—30002) throughout twilight observation periods. It can be

seen from Figurerv that a significantly enhanced cm2 column count is in=-
volved along the path ACD. On this basis, the presence of minor constituents
along this path would sensitively affect the observed zenith and horizon
radiances as a function of both solar depression angle and wavelength. The
application of appropriate analytic techniques should result in the extraction
of the dsorption characteristics of the lower atmosphere and, under certain
conditions, specific constituents may be identifiable. Finally, if the major
absorption contribution over a given spectral interval can be ascribed to

a specific constituent (i.e. NO, CO, OH, CN, etc.), then it might be possible
to obtain the scale height or number density=-altitude profile for that species.
In any event, it is evident that the highly sensitive absorption experiment
described above can serve to establish new identifications, upper limit con~
tent values and distributions of trace constituents resident in the lower

Martian atmosphere.

(5) The Detection and Characterization of Dust in the
Martian Atmosphere

There appears to be little question regarding the
occasional existence of dust and/or haze layers in the lower Martian atmos-
phere.(7%) Physical, photographic and polarometric measurements have indicated
that several cloud forms exist including white,clouds, blue clouds, "yellow
veils", and "wiolet hazes". The white clouds probably involve a particle
size range between 1 to 60 microns and are believed to consist of either ice

or solid COZ' It is believed that their formation is favored in low
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temperature regions since they have often been observed at the sunrise and
sunset limbs of the planet. The blue clouds, characterized probably by a
particle size range between 0.1 to 1 micron have been compared by some to
terrestrial noctilucent clouds, while others feel they represent an accumu~
lation of micrometeorites suspended in the lower Martian atmosphere. The
relatively rarely observed low-level yellow clouds probably consist of white
desert dust blown about by Martian surface winds. In summary, it appears that
not only is the presence of dust in the Martian atmosphere confirmed, but

that the particle diameters appear to range from 0.1 to 60 microns.

The general experimental configuration and the pro-
cedures applied herein should closely resemble those described in the previous
section concerning detection of trace molecular constituents by absorption
differentiation over the spectral region A 2000-80008. However, the con~
duct of the observations should not be confined to twilight since it certainly
appears feasible to search for particulate scattering from dust layers under
full solar illuminated daytime conditions as well as during times of Phobos
illumination on the night side of the planet.

For the ranges of wavelengths and particle diameters
involved, it appears that both Rayleigh and Mie scattering contribute to the
observed signals, so that performance of the spectral scanning procedure over
the specified geometry should result in confirmation of the presence or ab-
scence of dust or haze layers in the lower Martian atmosphere. Additionally,
application of appropriate analytic procedures to representative spectral
scans under the variety of conditions encountered during the experiment may

produce data relevant to the size distribution, nature, and other physical
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characteristics of the particulate matter. Twilight observations could be
employed for example, to locate the tops of layers. While this latter in-
Formation is of great interest intrinsically, it could also be applied to

the analysis of the other proposed twilight measurement experiments discussed
previously.

With respect to nighttime measurements, the white
clouds (size distribution from 1 to 60 microns) appear to form in the vicinity
of the planetary sunrise and sunset limbs, so that such clouds may exist
throughout the entire dark side of the planet owing to the relatively low
ambient temperature conditions. This possibility could be verified simply
by observing the presence of Mie scattering (far more efficient than Rayleigh
scattering) from the particles illuminated by Phobos during its orbit into
and around the dark side of the planet. For this particular case, however,
preliminary calculations indicate that the relatively low signal intensities
involved would probably require that the spectralresolution of the instrument
be increased to about 100R.

Finally, the employment of a polarization disc should
be considered in order to acquire pertinent information to further character-
ize the size, distriﬁution, and physical nature of the observed particles.
However, it should be noted that employment of such a polarization disc gen-
erally involves signal intensity losses as well as imposing a short wavelength
limitation on the observations.

d. Instrumentation

The discussions presented in the previous sections have

identified the general operational requirements and constraints of the proposed
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instrumentation system. Among the specific requirements are included: (a)
spectral scanning capability to cover both the ultraviolet and visible regions
from AN ZOOO-SOOOR; (b) a spectral resolution of approximately 1% would be
desirable; (c) a highly ruggedized instrument having minimum moving parts
due to the nature of the mission; (d) sensitivity such that brightness values
of between 1 to 10 R/X can be observed over the ultraviolet spectral region;
and finally (e) employment of a double-pass configuration in order to min-
imize significant instrumental scatter problems which may be encountered in
the adopted experimental mode.

In this regard, under Contract NAS5-9472 the GCA
Technology Division designed a double-pass UV scanning spectrometer for
operation in a satellite environment for the purpose of measuring the content
and distribution of ozone in the earth atmosphere. The salient features of
this latter instrument shown schematically in Figure ﬁé can be applied direct~
ly to the proposed experimental requirements enumerated above. The general
features and pertinent operational aspects of the instrument are described
elsewhere.cqs}

Order of magnitude calculations indicate that the employ-
ment of a 5 x 5-cm grating with 2400 lines/mm and a 50-cm focal length would
result in the achievement of a 18 resolution with a slit-width of about 25
microns (if the grating is set for an angle of incidence of 45 degrees as
shown in the figure). These calculations also indicate that the resultant
photon flux at the exit slit will be about iéo photons/second for an emission

rate of ten R/g. Using these parameters, further analysis indicates that the
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entire spectral intef§a1 from 2000-80008 would be spread over a length of about
15 c¢m across the focal plane as shown in Figure 1§§.

It should be noted that the optical components shown in
Figure*%% are schematically indicated by lenses; however, in practice mirrors
would be involved. There is no requirement for the optical components to
vary their positions during scanning operations so that the fabrication of a
ruggedized version of this design should constitute a relatively straight-
forward task.

Much of the material generated under this study‘haskbeen
utilized in the preparation of a suggested experiment for the forthcoming Mars

Lander Program.
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I1I. MISCELLANEOQUS

This section contains brief summaries of the scientific material gen-
erated under the present program and presented at scientific and/or professional
meetings. In addition, there is included other miscellaneous topics of interest
in the performance of the current contract committments.

During the current reporting period Dr. James A. R. Samson attended the
21st Annual Gaseous Electronic Conference held at the University of Boulder,
Boulder, Colorado, 16-18 October 1968. Dr. Samson presented a paper entitled
"Higher Ionization Potentials of Molecules Determined by Photoelectron
Spectroscopy'. This paper was received with considerable interest since
there is an accelerating activity in the new field of electron spectroscopy.
Historically, this conference deals with photon-atom interaction, atom-atom
interactions, ion-molecule reactions and electron-molecule interactions. Many
of these areas are of direct interest to the performance of the current con-
tract committments. Of particular interest to some current problems in photo-
electron spectroscopy was a paper entitled "Configuration Mixing of Continuum
States" presented by A. J. Mendez. This theoretical paper has been of sig-
nificant importance in defining future pertinent experimental measurements.

For example, it was pointed out that it would be of significant importance to
measure the coefficients A and B for the angular distribution of photoelectrons
in wavelength regions wherein auto-ionization and overlapping continuum states
occur. With the experimental values available, the theoretician could then
determine the proper wave functions of the states involved.

During the conference local visits were made to NCAR and ESSA.
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E. Ferguson (ESSA) demonstrated laboratory evidence for the reaction

He+ + NZ-* N; + hv (% 20008). This was of special interest to our laboratory
effort, since GCA has previously observed "fluorescence" in He at wavelengths
shorter than those corresponding to the ionization potential. On the basis

of Ferguson's data it would appear then that these emissions could have been

due to N2 impurities in the gas sample.
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IV. QUARTERLY PROGRESS REPORT FOR HOURS WORKED IN THE PERIOD L SEPTEMBER 1968
THROUGH 30 NOVEMBER 1968.

In compliance with the requirements of the subject contract, the following

is an integrated tabulation of total hours worked by labor category and grade.

Labor Category Labor Grade Total Hours
*Junior Technician 2 182
*Technician
Experimental Machinist 3 178

*Senior Technician
Senior Experimental Machinist 4 332

*Junior Scientist

Junior Engineer 5 0
*Scientist

Engineer 6 60
Senior Scientist

Senior Engineer 7 641
Staff Scientist 8 124
Principal Sc¢ientist 9 73
Group Scientist 10 1,240

#*and other equivalent categories

Quarterly Total.,....... 2,830
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